Equilibrium unfolding of barstar with guanidine hydrochloride (GdnHC1) and urea as denaturants as well as thermal unfolding have been carried out as a function of p H using fluorescence, far-UV and near-UV CD, and absorbance as probes. Both GdnHC1-induced and urea-induced denaturation studies at pH 7 show that barstar unfolds through a two-state F * U mechanism and yields identical values for AGU, the free energy difference between the fully folded ( F ) and unfolded ( U ) forms, of 5.0 ? 0.5 kcal.mol-' at 25 "C. Thermal denaturation of barstar also follows a two-state F * U unfolding transition at pH 7, and the value of AGU at 25 "C is similar to that obtained from chemical denaturation. The pH dependence of denaturation by GdnHCl is complex. The C, value (midpoint of the unfolding transition) has been used as an index for stability in the pH range 2-10, because barstar does not unfold through a two-state transition on denaturation by GdnHCl at all pH values studied. Stability is maximum at pH 2-3, where barstar exists in a molten globule-like form that forms a large soluble oligomer. The stability decreases with an increase in pH to 5 , the isoelectric pH of the protein. Above p H 5 , the stability increases as the pH is raised to 7. Above pH 8, it again decreases as the pH is raised to 10. The decrease in stability from pH 7 to 5 in wild-type (wt) barstar, which is shown to be characterized by an apparent pK, of 6.2 ~f: 0.2, is not observed in H17Q, a His 17 -+ Gln 17 mutant form of barstar. This decrease in stability has therefore been correlated with the protonation of His 17 in barstar. The decrease in stability beyond pH 8 in wt barstar, which is characterized by an apparent pK, of 9.2 -t 0.2, is not detected in BSCCAA, the Cys 40 Cys 82 -+ Ala 40 Ala 82 double mutant form of barstar. Thus, this decrease in stability has been correlated with the deprotonation of at least one of the two cysteines present in wt barstar. The increase in stability from pH 5 to 3 is characterized by an apparent pK, of 4.6 ? 0.2 for wt barstar and BSCCAA, which is similar to the apparent pK, that characterizes the structural transition leading to the formation of the A form. The use of C, as an index of stability has been supported by thermal denaturation studies. In the pH range where both chemical denaturation and thermal denaturation studies were possible, both C, and T,, the midpoint of a thermal denaturation curve displays similar trends. Very high pH (pH 12) is shown to completely unfold the protein in a fully reversible manner.
a protein by altering the net charge on the protein, and many proteins denature at extremes of pH because of the presence of destabilizing repulsive interactions between like charges (Linderstrom-Lang, 1924) . Alternatively, if a titratable group is buried in an un-ionized form in the interior of the protein and can be titrated only upon unfolding, the unfolded state will be favored upon titration of the group by changing the pH (Beychok & Steinhardt, 1959) . The pH dependence of protein stability needs to be explained on the basis of the coupling of the protonation reactions that occur on changing p H with the unfolding reaction, with the unfolded and folded states binding protons to different extents (Hermans & Scheraga, 1961; McPhie, 1975; Sali et al., 1988; Anderson et al., 1990) .
Extremes of pH do not always completely denature a protein but may lead to only partly folded states (Fink et al., 1994) , commonly referred to as molten globules. Molten globule-like forms 1133 of proteins have evinced much attention in recent years because they appear to resemble kinetic folding intermediates (Kuwajima, 1992) . Unlike kinetic intermediates, molten globule-like forms are amenable to detailed structural characterization (Alexandrescu et al., 1993; Redfield et al., 1994) because they are structures that exist at equilibrium.
Barstar, the intracellular inhibitor to barnase in Bacillus amyloliquefaciens is an attractive model protein for the study of protein folding (Hartley, 1988) . The X-ray crystal structure of the complex of barnase and BSCCAA, a Cys 40 Cys 82 + Ala 40 Ala 82 double mutant form of barstar has been solved and shows that barstar is comprised of four a-helices and a parallel three-stranded P-sheet (Guillet et al., 1993) . This has been confirmed by the solution structure of wild-type (wt) barstar (Lubienski et al., 1994) . Kinetic studies of both BSCCAA (Schreiber & Fersht, 1993a) and wt barstar (Shastry et al., 1994) have provided evidence for the presence of multiple folding intermediates and at least three parallel folding pathways. Both wt barstar (Khurana & Udgaonkar, 1994) and BSCCAA (Swaminathan et al., 1994) transform into molten globule-like conformations at low pH. The use of ANS binding to monitor the folding kinetics of barstar has revealed the presence of two, very early, molten globule-like intermediates on the kinetic folding pathways (Shastry & Udgaonkar, 1995) , but the relationship between these kinetic intermediates and the equilibrium intermediate that forms at low pH is yet to be established.
In this paper, the pH dependence of the stability has been characterized by chemical denaturant-induced unfolding studies as well as by thermally induced unfolding studies over the pH range 2-10. Of specific interest has been the pH range 7-8, where the binding of barstar to barnase is tightest (Schreiber & Fersht, 1993b) . Even relatively minor deviations from these pH values seem to have a significant effect on the stability of barstar. It is shown here that the stability of the protein is not maximal at the isoelectric point (pH 5 ) , as theoretically predicted (Linderstrom-Lang, 1924) , and as actually observed in the case of ribonuclease TI and ribonuclease A (Pace et al., 1990) . Some of the interactions that are affected by a change in pH have been identified by examining the pH profiles of the stabilities of two mutant forms of barstar, BSCCAA and H17Q. The roles of the two cysteine residues and of the sole histidine residue in determining the pH dependence of the stability of barstar have been established.
Results
Figures 1 and 2 show equilibrium denaturation curves obtained for barstar at pH 7, 25 "C, using GdnHCl and urea as the denaturants, respectively. In either case, both fluorescence and far-UV CD gave completely superimposable denaturation curves (Figs. lC, 2C ). The data in Figures 1 and 2 have therefore been fit to a two-state F * U model for unfolding using Equations 1,2, and 3. The free energy for unfolding in the absence of denaturant was obtained by linear extrapolation of the AGu(D) to zero denaturant concentration. The values obtained for AGU(H20) from the GdnHCl and urea denaturation curves were identical within experimental error and are given in the leg- , 1994) . Similarly, it has been shown that BSCCAA unfolds by a two-state F * U transition between pH 6 and 9 (Fig. 9) . The value obtained for ACu for the unfolding of BSCCAA, 4.4 kcal.mol", is similar to the value of 4.8 kcal.mo1-' reported earlier (Schreiber & Fersht, 1993a) .
In Figure 3 are shown thermal denaturation curves obtained for barstar at pH 7, using three different optical probes (far-UV CD, near-UV CD, and absorbance at 287 nm) to monitor unfolding. All three probes yield superimposable thermal transitions, characterized by identical midpoints of the transition, T,,,, of 71.5 k 0.5 "C. The data were therefore analyzed according to a two-state F s U model for unfolding using Equations 4, 5 , and 6. The value obtained for the enthalpy change, AH,,,, at T,,,, is 60 i 5 kcal.mo1-I. A van't Hoff analysis of the data also yields a similar value for AH,,, of 60 * 5 kcal.mol-I.
Determination of AC,
Thermal denaturation curves were determined at pH 7 in the presence of different concentrations of GdnHCl in the range 0.2-1.3 M. T,,, decreases with an increase in GdnHCl concen- tration from 71.5 0.5 "C in the absence of GdnHCl to 55.0 k 0.5 "C in the presence of 1.3 M GdnHC1. The value of AH, was determined at each value of T, using Equations 4, 5 , and 6. In Figures 4A and B, AH, is plotted against T, for wt barstar at pH 7 and BSCCAA at pH 8, respectively. The slopes of the straight lines through the data yield, according to the Kirchoff equation, values for AC,, of 1.2 k 0.25 kcal-mol-' .K" for wt barstar at pH 7 (Fig. 4A ) and 1.3 k 0.3 kcal.mol" .K-l for BSCCAA at pH 8 (Fig. 4B) .
Test of the linear free energy model
Once the value of ACp was determined, it was possible to determine AGU at 25 "C by the use of Equation 4, both in the absence and in the presence of different concentrations of GdnHCl. In the absence of GdnHCl at pH 7, the value of AGu at 25 "C for wt barstar was determined to be 5 . 4 ? 0.5 kcal.mol", which is similar to the value for AGU at 25 "C obtained by denaturant unfolding (see above). In Figure 5 , the values of ACu at 25 "C similarly determined in the presence of different concentrations of GdnHCl in the range 0-1.3 M are plotted against GdnHCl concentration for both wt barstar and BSCCAA. Also included are values for ACu obtained from the transition zones of GdnHCI-induced denaturation curves such as that shown for wt barstar in Figure 1 . It is seen that there is a linear dependence of AGU on GdnHCl concentration in the range 0-2.4 M. The straight line through the data for either wt barstar or BSCCAA extrapolates linearly to a value for AGU (H,O), similar to that determined from the thermal denaturation curve obtained in the absence of GdnHCI. The slope of the straight line for wt barstar in Figure 5A is -2.6 -t 0.4 kcal.mol".M", which corresponds to the value of mG obtained from the GdnHC1-induced transition shown in Figure 1 Determination of the size of the A form and the N state for barstar Both sedimentation equilibrium experiments and gel-filtration experiments show that barstar exists as a monomer at pH 7 (data not shown). Sedimentation velocity experiments indicate that the A form at pH 3 exists as a large soluble oligomer: it has an S value of 7.9 compared to the S value of 1.3 for the N state.
Unfolding of barstar at high pH
Barstar unfolds at high pH (beyond pH 10). In Figure 6A , the unfolding at high pH has been demonstrated by measurement of the loss in secondary structure as monitored by far-UV CD. The mean residue ellipticity at 220 nm of the protein at pH 12 is -2,800 f 300 degree.cm2 .dmol-l, which is similar to the value (-2600 degree-cm2.dmol-l) expected for a random coil conformation of a polypeptide chain (Chen et al., 1972) , but which is more than the value reported (-1,600 degree.cm2.dmol") for wt barstar in 6 M GdnHCl at pH 7 (Khurana & Udgaonkar, 1994) . In Figure 6B , the loss in tertiary structure upon high pH unfolding has been monitored by following the loss in fluorescence intensity at 337 nm. In Figure 6C , the base-induced unfolding reaction has been monitored by following the increase in the wavelength of maximum fluorescence emission. The wavelength of maximum fluorescence emission increases from 337 nm at pH values between 7 and 9, where the protein is in the fully folded F state, to 356 nm at pH 12, where the protein is in the R. Khurana et al. fully unfolded D form. The wavelength of maximum emission of barstar in 6 M GdnHCl at pH 7 is also 356 nm, indicating that barstar is indeed completely unfolded at pH 12. It should be noted that there was an error of 5 nm in values reported earlier (Khurana & Udgaonkar, 1994) for the wavelengths of maximum fluorescence emission at pH 7 both in the absence (332 nm) and presence of 6 M GdnHCl (351 nm) because of an error in the calibration of the fluorimeter used. The data in Figure 6 indicate that base-induced unfolding commences only above pH 10. Moreover, this unfolding reaction is completely reversible. Not only is the entire fluorescence signal restored when protein at pH 12 is returned to pH 7, but so is the activity (data not shown). Fits of all three data sets in Figure 6 to Equation 8 yield a value for p H m I , the midpoint of the unfolding transition, of 1 1 .O -t 0.1.
pH dependence of Cm
Equilibrium denaturation curves were obtained in the pH range 2-10 at 25 "C, using both fluorescence at 322 nm and mean residue ellipticity at 220 nm as probes for GdnHC1-induced unfolding, for wt barstar, BSCCAA, and H17Q. The midpoint of the unfolding transition, C,, is plotted against pH in Figure 7A for wt barstar, Figure 7B for BSCCAA, and Figure 7C for H17Q. The C, value has been used as a measure of stability through- out the pH range as ACu could not be determined because of the three-state unfolding that is observed at lower pH values (Khurana & Udgaonkar, 1994) . At pH 5, C, is lower than at pH 7 when determined from both fluorescence-and mean residue ellipticity-monitored denaturation curves for wt barstar. For BSCCAA, C,, whether determined from fluorescence or mean residue ellipticitymonitored denaturation curves, has a minimum value at pH 4.8. Also, for both wt barstar and BSCCAA, it is seen that fluorescence-monitored unfolding precedes far-UV CD-monitored unfolding in the pH range 2-5. Both probes yield superimposable denaturation transition curves between pH 7 and 9 for wt barstar and above pH 6 for BSCCAA. Thus, folding can be described by a two-state F = U model for unfolding between pH 7 and 9 for wt barstar and above pH 6 for BSCCAA, but below pH 6, at least one equilibrium folding intermediate, I , accumulates and folding must be described by a three-state F + I + U model for unfolding. For H17Q, the two-state model for unfolding is not valid at any pH and even at pH 7 at least one intermediate is involved in the unfolding of this protein (Nath & Udgaonkar, 1995) . The unfolding of H17Q follows a three-state
The increase in the C, values for GdnHC1-induced unfolding of wl barstar from pH 5 to 3 is characterized by a pHrn4 ( Equation 9) value of 4.6 k 0.2, which also represents the apparent pK, value that characterizes the structural change leading to the formation of an alternative conformation ( A form) having molten globule-like properties (Khurana & Udgaonkar, 1994) . This increase in C,,, at low pH is characterized by similar apparent pK, value for BSCCAA but for H17Q this value is 4.0 k 0.2, which is significantly lower than the wt value. For wt barstar and H17Q, there is a decrease in the value of C, above pH 8, which is characterized by an apparent pK, value (pHm2 in Equation 9) of 9.2 f 0.2. This decrease in stability at high pH is not seen for BSCCAA. Again a decrease in the value of C, is observed from pH 7 to 5 in the case of wt barstar and is characterized by an apparent pK, value (pH,, in Equation 9) of 6.2 f 0.2. A similar decrease in stability is also observed from pH 6 to 5 in the case of BSCCAA, but no such decrease is seen in the case of H17Q. The apparent pK, value (pHm3 in Equation 10) for this transition for BSCCAA is 5.0 * 0.2, which is significantly lower than the apparent pK, value observed for wt barstar.
p H dependence of T,,,
The midpoint of the thermally induced unfolding transition, T,, is plotted versus pH in Figure 8 for wt barstar, BSCCAA, and H17Q. T,,, decreases with increasing pH in the range 7-10 for both wt barstar and H 1 7 4 with a similar slope and this decrease is negligible in the case of BSCCAA. The number of protons released from the native state of protein on increasing the pH to 9, Amu, as determined by Equation 12 (see Materials and methods) is 0.7 for wt barstar and is only 0.3 for BSCCAA. There is also a decrease in the value of T, between pH 6 to 5 in the case of both wt barstar and BSCCAA, which is not observed in the case of H17Q. Equation 12 could not be used to determine the value of A,u for this transition between the F and F + forms because the thermal unfolding transition in this pH range is not two state, and consequently, Equations 7 and 8 could not be used to determine AH,. It was not possible to determine values for T, below pH 5 , because the A form that is populated at low pH values does not undergo any thermal unfolding transition up to 98 "C (Khurana & Udgaonkar, 1994) .
p H dependence of AG, AG, has been determined only in the pH range where two-state unfolding transitions are observed. The decrease in stability of w t barstar on increasing the pH from 7 to 9 is also reflected in the decrease in the value of A G U , as shown in Figure 9 . For BSCCAA, AG, does not change at all from pH 6 to 10. At all other pH values AGU could not be determined because both wt barstar and BSCCAA follow three-state unfolding transitions.
Analysis according to a three-state F e I + U model (Nath & Udgaonkar, 1995) was not attempted because the optical properties of the intermediate I are not known.
ANS binding experiments
ANS (10 pM) was added to barstar (2 pM) both in the absence of GdnHCl and in the presence of different concentrations of GdnHCl in the folding transition zone at pH 5.5. In no case was there any increase in fluorescence at 480 nm on excitation at 380 nm, indicating that the folding intermediate that is populated in the folding transition zone at pH 5.5 does not have hydrated hydrophobic surfaces to which ANS can bind. Similarly, no ANS binding was observed at both pH 10 and pH 12, in the presence as well as in the absence of 0.2 M KCI, indicating that molten globule-like conformations do not accumulate at these pH values.
Discussion

Tests of the linear free energy model
The linear free energy model (Schellman, 1978) is widely used to determine the value of the free energy of unfolding in water, AG,, from urea-and GdnHC1-induced unfolding curves. The validity of this model for the folding of wt barstar and BSCCAA has been tested in three different ways. (1) Both urea and GdnHC1-induced denaturation curves yield identical values for AGU in water at pH 7 (Figs. 1, 2) , when Equation 3 was used to linearly extrapolate to AG, at zero denaturant concentration. ( 2 ) The value so obtained for AG, in the absence of denaturant from chemical denaturation studies is similar to the value obtained from thermal denaturation studies. (3) Thermal denaturation curves obtained in a range of GdnHCl concentrations in the pretransition zone (between 0.2 and 1.3 M GdnHC1) yield values for AGU in the presence of these concentrations of GdnHCl. These values agree well with the values obtained from a linear extrapolation from the folding transition zone between 1.3 and 2.4 M GdnHCl (Fig. 5 ) . This confirms the linear dependence of AG, on GdnHCl concentration in the pretransition zone (Pace & Laurents, 1989) . Moreover, the values obtained for mG for both wt barstar (Fig. 5A) and BSCCAA (Fig. 5B ) from the dependence of AG, over the entire range of GdnHCl concentrations (0-2.4 M) are similar to the values obtained for these proteins using GdnHCl concentrations only in the folding transition zone, as illustrated in Figure 1 for wt barstar. Thus, the data in Figures 1,2 
Acid denaturation
It has been previously shown (Khurana & Udgaonkar, 1994 ) that acid denaturation of barstar, like that of other proteins including apomyoglobin (Griko et al., 1988) , bovine carbonic anhydrase (Dolgikh et al., 1983) , and retinol binding protein (Bychkova et al., 1992) , leads to the formation of the partly folded A form, which resembles a molten globule. Here, sedimentation velocity measurements have been utilized to show that the A form of barstar exists as a large soluble oligomer with an apparent molecular weight of approximately 150,000. The formation of the soluble oligomer is probably because of hydrophobic interactions between the hydrated hydrophobic residues of different monomers and is presumably the reason why the A form of barstar at pH 3 is apparently more stable to chemical denaturation than the functional F state at pH 7.
The unfolding of the A form by chemical denaturants was also reported to occur through an A I, U mechanism (Khurana & Udgaonkar, 1994) , where I, is one or a collection of intermediates. It became important to determine whether the unfolding of the oligomeric A form with increasing denaturant concentration was proceeding first by dissociation of the oligomer to monomers, and then by subsequent unfolding of the A form monomers with a further increase in denaturant concentration. Such an unfolding mechanism has been observed for several oligomeric proteins, including aspartate aminotransferase (Herold & Kirchner, 1990 ) and trp aporepressor (Eftink et al., 1994) . To test whether I,, which is populated in the folding transition zone, corresponds to a monomeric A form, gelfiltration studies of barstar were carried out in the presence of different concentrations of GdnHCl in the pretransition and folding transition zones. In the presence of any concentration of GdnHCl in this range, the soluble oligomer, which eluted in the void volume, and the U state were the only two forms of the protein observed (data not shown). It therefore appears that dissociation of the oligomeric A form occurs simultaneously with unfolding to the U state. Although the A form exists as a large p H dependence of the stability of barstar oligomer, the two-dimensional proton NMR spectrum of the protein reveals a considerable amount of structure (S. Ramachandran & J.B. Udgaonkar, unpubl. results), the analysis of which is now in progress. The NMR structures of the molten globule-like forms of dactalbumin (Alexandrescu et al., 1993) and interleukin-4 (Redfield et al., 1994) show that stable localized secondary structures are preserved, mainly in the hydrophobic core region of the protein, and exposed regions have largely disordered structures.
Base denaturation
The data in Figure 6 show that wt barstar does not undergo any structural transition, as monitored by far-UV CD and fluorescence, in the pH range 6-10. On a further increase in pH, the protein unfolds reversibly to a base-denatured form, referred to here as the D form. Figure 6 shows that the D form is completely unfolded. The mean residue ellipticity at 220 nm for the D form is similar to that expected for a random coil (see Results), and the wavelength of maximum fluorescence emission is the same as that for the protein in 6 M GdnHC1, indicating that the tryptophan residues in the D form are as completely solvent exposed as in the U form. In the case of several proteins, including bovine and human a-lactalbumin (Robbins & Holmes, 1970; Dolgikh et al., 1981) , o-lactamase (Goto & Fink, 1989; Goto et al., 1990) , horse cytochrome c (Ohgushi & Wada, 1983) , bovine growth hormone (Burger et al., 1966) , and colicin A (Cavard et al., 1988) , it has been reported that the fully unfolded form that is formed at an extreme of pH becomes molten globule-like under high ionic strength conditions. The D form of barstar does not, however, appear to become molten globule-like under high ionic strength conditions, as determined by its inability to bind ANS under these conditions (see Results). The value of 11 .O for the apparent pKa that characterizes the base denaturation reaction (Fig. 6 ) points to the involvement of the deprotonation of the side chain of a Tyr or Lys residue.
p H dependence of stability below p H 7
On decreasing the pH from 7, there is first a decrease in stability of wt barstar from pH 7 to pH 5 that is characterized by an apparent pK, of 6.2 k 0.2 (Fig. 7A) . The value for the apparent pKa is near the intrinsic pKa value (7.0) of His, suggesting that the decrease in stability may be a consequence of protonation of the His residue. wt barstar has a single His residue. To confirm that protonation of this residue is involved in the decrease in stability between pH 7 and 5 , the pH dependence of the stability of H17Q, in which the sole His residue in barstar was mutated to Gln, was studied. The decrease in stability between pH 7 and 5 is not observed in the case of H17Q (Fig. 7C) . Thus, protonation of His 17 is responsible for the decrease in stability as the pH is decreased from pH 7 to 5 . A similar decrease in stability below pH 7 has also been observed in the case of T4 lysozyme (Anderson et al., 1990 ) and barnase (Sali et al., 1988; Pace et al., 1992) , and in both of these proteins, the decrease in stability below pH 7 has been shown to be due to the protonation of a His residue.
The decrease in stability from pH 7 to pH 5 is also seen, as expected, for BSCCAA (Fig. 7B) . The apparent pKa for the same transition in BSCCAA, which has a value of 5.0 + 0.2, is, 1139 however, significantly lower than that for wt barstar. The reason for this lower value for BSCCAA for the same transition is not understood. The decrease in stability from pH 7 to pH 5 , as monitored by a decrease in the value of C,, the midpoint of a GdnHC1-induced denaturation curve, has also been confirmed by measurement of the pH dependence of the value of T,, the midpoint of a thermally induced denaturation curve. As seen in Figure 8 , T, decreases from pH 7 to pH 5 in the case of both wt barstar and BSCCAA, but not for H17Q.
On further lowering the pH, there is an increase in stability as reflected in the increase in the value of C, for wt barstar as well as for BSCCAA. This increase in stability is characterized by an apparent pK, value of 4.6 k 0.2 (Fig. 7A,B) . This value for the apparent pKa is the same as the value of the apparent pK, that characterizes the structural unfolding transition leading to the formation of the A form, as monitored by measurement of the mean residue ellipticity at 220 nm or the fluorescence at 322 nm (Khurana & Udgaonkar, 1994) . This increase in stability is also seen for H17Q, but the value of the apparent pK, (4.0 k 0.2) that characterizes this increase in stability for the same transition is significantly lower than the wt pKa. The value of the apparent pKa characterizing the transition to the A form is close to the intrinsic pK, values of Asp and Glu residues, indicating that the transition may be coupled to the protonation of one or more of the Asp or Glu residues in barstar.
pH dependence of stability above p H 7
The decrease in stability with pH above 7, which is seen for wt barstar and H17Q, is characterized by an apparent pK, of 9.2 k 0.2. Barstar has two free cysteine residues, both of which are buried (Lubienski et al., 1994) . Thus, the pK, values of these cysteines are expected to be higher than the intrinsic pKg of the free cysteine residue (8.2), suggesting that the decrease in stability at high pH must be due to the deprotonation of either one or both of the sulfhydryl groups at high pH. The observation that there is no corresponding decrease in stability in the case of BSCCAA (Fig. 7B) , where both the cysteine residues of barstar have been replaced by alanines, supports this argument. The pH dependence of C, between pH 7 and 10 can be accounted for by Equation 9 , in which only one group is assumed to be involved in the titration of the stability in this pH range. Moreover, the observed pH dependence of T , (Fig. 8A,C) suggests that only one titratable group has deprotonated. Both these observations suggest that only one of the two cysteine residues is involved in the decrease in stability between pH 7 and 10. Currently, the pH dependence of the stability of each of the two mutants of barstar in which one or the other of the two cysteine residues has been mutated to alanine is being characterized in this laboratory in an effort to determine which of the two cysteines is responsible for this decrease in stability. The ionization of any titratable group in a protein is linked to the F + U unfolding reaction, and the change in the free energy of unfolding that occurs on titration depends on the difference in the pK, value of that group in both the F and U states (Sali et al., 1988; Anderson et al., 1990) . The apparent pK, value reported here for any particular stability or unfolding transition depends on the values of the pK, in both the F and U states, as well as on the free energy difference between the F and U states when both are deprotonated. A quantitative analysis of the effect of the change in pH on the free energy of unfolding has not been attempted here because the pK, values of His 17 and the two Cys residues are not precisely known.
There is an uncertainty in the precision of the measured apparent pK, value of His 17 because its titration overlaps with that leading to the formation of the A form. A pH titration of the NMR chemical shifts of the ring protons of His 17 in wt barstar shows that His 17 does not even begin to titrate as the the pH is lowered to 6 (S. Ramachandran & J.B. Udgaonkar, unpubl. results). Thus, the apparent pK, value of His 17, estimated here to be 6.2 + 0.2, is probably substantially lower.
Three-state unfolding in the pH range 2-4
It has been shown previously (Khurana & Udgaonkar, 1994 ) that barstar adopts a molten globule-like conformation at pH values below 4. The noncoincidence of fluorescence-monitored and far-UV CD-monitored GdnHC1-induced denaturation curves that was characteristic of this conformation is also seen for BSCCAA below pH 5 (Fig. 7) , indicating that BSCCAA also adopts a similar molten globule-like conformation below pH 4.
Three-state unfolding in the pH range 4-6
The observation that fluorescence-monitored unfolding precedes far-UV CD-monitored unfolding between pH 4 and 6 indicates that the fully folded protein F unfolds to U through an equilibrium intermediate I in this pH range. Thus, a three-state F I U model is necessary to account for the equilibrium denaturation data. This decrease in stability from pH 7 to 5 has been attributed to the protonation of His 17 (see above). His 17 is buried in wt barstar, and a buried hydrogen bond exists between SN of His 17 and OH of Tyr 30. Because His 17 is buried, its pK, value is expected to be lowered, and in fact its pK, value has been determined here to be 6.2 compared to the value of 7.0 typically seen in unfolded proteins. The hydrogen bond must be disrupted before the His can be protonated, and hence protonation is expected to destabilize the protein. It has been shown that H17Q unfolds through a three-state mechanism at pH 7.0 (Nath & Udgaonkar, 1995) , with the accumulation of at least one folding intermediate possessing a disrupted tertiary structure but retaining an intact secondary structure. The intermediate I observed for wt barstar and BSCCAA at pH 5 also has a more unstable tertiary structure than secondary structure ( Fig. 7) and is probably similar to the intermediate seen with H17Q at pH 7.0. At present, the fluorescence and far-UV CD properties of 1 are unknown, and it is therefore not possible to carry out a detailed thermodynamic analysis according to the three-state model at pH 5 for wt barstar and for BSCCAA.
Two-state unfolding in the p H range 7-9
wt barstar shows two-state unfolding behavior in a very short range of pH between 7 and 9, where both the fluorescencemonitored and the CD-monitored unfolding curves superimpose exactly, giving identical values for C, and AG". BSCCAA on the other hand exhibits two-state unfolding behavior from pH 6 to pH 10. The pH dependence of AGu and C, are similar for both wf barstar and BSCCAA, indicating that C , is a good measure of stability for barstar.
Comparison of stability of wt barstar with both mutants BSCCAA and HI 7Q at p H 7 wt barstar is more stable than both BSCCAA and H17Q at pH 7. At pH 7, H17Q has been analyzed by a three-state model for unfolding and has been shown to have a AGU of 3.6 kcal.mol" (Nath & Udgaonkar, 1995) compared to 5.0 kcal.mol" for wt barstar. The lower stability of H17Q over the wt has been attributed to the hydrogen bond between 6N of His 17 and the -OH of the Tyr 30 of the wt barstar, which is not present in H17Q (Nath & Udgaonkar, 1995) . BSCCAA is also less stable than wt barstar at pH 7-8 (Fig. 9) . This lower stability is possibly because of the disruption of the hydrogen bond between the free -SH of Cys 40 residue and the carbonyl group of Ala 36 residue in the wt protein, which is not present in . pH dependence of AGu(H20) at 25 "C. AGu values were obtained from GdnHCl-induced unfolding for wt barstar (0) and for BSCCAA (A) in the pH range where two-state unfolding transitions are exhibited. GdnHC1-induced denaturation curves were analyzed according to a two-state unfolding transition using Equations 1,2, and 3. The value for AGU(H20) obtained from each curve is plotted against pH.
Mean residue ellipticity at 220 nrn and fluorescence at 322 nm were used as probes for unfolding. The solid line through the data for wt barstar and the dashed line through the data for BSCCAA were drawn by inspection only.
star (Guillet et al., 1993; Lubienski et al., 1994; Nath & Udgaonkar, 1995) In summary, it has been shown here that the stability of barstar decreases when the p H is either reduced or raised from pH 7 by 2 p H units. In the former case the decrease is due to protonation of His 17, and in the latter case it is because of deprotonation of a Cys residue. Very high pH (>pH 12) completely unfolds the protein in a reversible manner. Very low pH (<pH 3)
partially unfolds the protein in a reversible manner to a moIten globule-like conformation that forms a large soluble oligomer.
Materials and methods
Materials
All chemicals were of the highest purity grade. Ultrapure urea was obtained from Research Organics Inc. and all other chemicals were obtained from Sigma Chemical Company.
Plasmids and protein purification
The plasmids encoding the genes for barstar (pMT316) and BSCCAA (pMT643) were a generous gift from Dr. R.W. Hartley (1988) , and they were expressed in Escherichia coli strain "294.
The plasmid for the H17Q mutant of barstar was prepared by oligonucleotide-directed mutagenesis using PCR as described by Nath and Udgaonkar (1995) . The procedure for the purification of barstar has been described previously (Khurana & Udgaonkar, 1994) , and a similar procedure was used for purification of the mutant protein BSCCAA. The yield of pure BSCCAA was typically 50 mg/L for E. coli growth, compared to 200 mg/L for wt barstar. The method for purification of the H17Q mutant was also similar, except for the incorporation of an additional gel-filtration step using a Sephadex G-50 column; 2 mg of pure H17Q were obtained from 1 L of E. coli culture.
Buffers and solutions
The buffers that were used at different pH values were glycine (pH 2-3), sodium acetate (pH 4-3, sodium phosphate (pH 6-81, sodium borate (pH 9-10), and disodium hydrogen phosphate/sodium hydroxide (pH 11-12). All solutions used for equilibrium studies contained 20 mM buffer, 1 mM EDTA, and 1 mM DTT at pH 7. In all cases, buffer solutions were made by appropriate mixing of the acidic and basic forms of the buffer so as to obtain the desired final pH. For far-UV C D measurements, 200 pM DTT was used instead of 1 mM. The same buffers were used for temperature melts. The concentrations of the GdnHCl and urea stock solutions were determined by measurement of the refractive index . Urea solutions were prepared fresh on the day of use. All buffers were degassed before use.
Equilibrium unfolding studies
Equilibrium unfolding as a function of GdnHCl or urea concentration was monitored by fluorescence, far-UV CD, and near-UV CD. CD studies were done on a Jasco 5720 spectropolarimeter. Spectra were collected with a slit width of 0.47 mm, response time of 1 s and scan speed of 20 nm/min. Each spectrum was the average of at least 10 scans. For denaturation studies, secondary structure was monitored at 220 nm and tertiary structure was monitored at 275 nm. Measurements were made with protein concentrations of 20 pM (far-UV) and 50 pM (near-UV) with cuvettes of pathlength 0.1 cm (far-UV) and 1 cm (near-UV).
Fluorescence studies were done using a Spex spectrofluorimeter. For studying intrinsic tryptophan fluorescence, the protein was excited at 287 nm and emission was monitored at 322 nm. The excitation slit width was set to 0.1 mm to avoid bleaching of the tryptophan fluorescence. All experiments were done at 25 "C. Measurements were made with a protein concentration of 4 pM or less, and a 1 .O-cm-pathlength cuvette.
Thermal denaturation
Thermal denaturation was followed by monitoring absorbance at 287 nm in a Cary 1 spectrophotometer equipped with a Cary Peltier heating/cooling device, or by monitoring mean residue ellipticity at 220 nm (far-UV) and 275 nm (near-UV) using a Jasco 5720 spectropolarimeter interfaced with a Neslab RTE-110 circulating bath. The heating rate used was 0.33 "C/minute. Using half this heating rate yielded a n identical denaturation curve. The temperature in the cuvette was monitored during measurement using a Thermolyne digital pyrometer for the CD measurements and a Cary temperature probe for absorbance measurements. The accuracy of the probes was k0.5 "C.
Ultracentrifugation studies
Sedimentation equilibrium and sedimentation velocity measurements were made on a Beckman analytical ultracentrifuge model E using an AnHTi rotor with Schlieren optics. The protein concentrations used were 1 mM for both sedimentation equilibrium and sedimentation velocity experiments. A rotor speed of 68,000 rpm was used for the sedimentation velocity experiments. Sedimentation equilibrium experiments were performed and ana-lyzed using the Archibald method. Sedimentation equilibrium measurements of the A form could not be carried out because of the nonavailability of a cell to perform a synthetic boundary experiment at low pH.
Gel-filtration studies
Size-exclusion chromatography of barstar at pH 3 in the presence of various concentrations of GdnHCl was carried out using a Superdex-75 column and a Pharmacia FPLC system. The concentration of protein used was typically 100 p M .
Data ana/ysis
Equilibrium unfolding data obtained using GdnHCl or urea as denaturants were converted to plots of f u , the fraction of protein in the unfolded state, versus denaturant concentration using
where Yo is the value of the spectroscopic property measured at a denaturant concentration [Dl. YF and Yu represent the intercepts, and mF and mu the slopes of the folded and unfolded baselines of the data, respectively, and are obtained from linear least-squares fits to the baselines.
For a two-state F U unfolding mechanism, AG, , , the free energy of unfolding by denaturant at concentration [Dl is related tofu by a transformation of the Gibbs-Helmholtz equation in which the equilibrium constant for unfolding in the folding transition zone, Kupp, is given by Kapp = f u / ( l -Iu):
For denaturation by GdnHCl or urea, it is assumed that the free energy of unfolding, AGU, has a linear dependence on the concentration of denaturant [Dl (Schellman, 1978) : AGU(H20) and mG are therefore the intercept and the slope, respectively, of the plot of AG, versus denaturant concentration. AGU(H20) corresponds to the free energy difference between the folded and unfolded states in the absence of any denaturant, and mG is a measure of the cooperativity of the unfolding reaction. The concentration of denaturant at which the protein is half unfolded (when AGU = 0) is given by C,, and from Equation 3, AGu(H20) = -C,mG.
For a two-state F + U thermal unfolding transition, the free energy of unfolding, AGU(T), at any temperature T i s given by:
where T, is the midpoint of the thermal transition, AH, is the change in enthalpy that accompanies the F U unfolding reaction, and R is the gas constant (1.987 cal deg-l mol"). The basic assumption in Equation 4 is that AC,, the change in heat capacity accompanying the F + U unfolding reaction, is independent of temperature.
Thermal denaturation curves were analyzed as follows. The apparent equilibrium constant KO,, and the free energy change AGu at any temperature within the folding transition zone were first determined from the raw data using the following equations:
where Yo is the spectroscopic property being measured at temperature T, and YF and Yu represent the intercepts and mF and mu the slopes of the folded and unfolded baselines of the data, respectively. Values of Kupp between 0.1 and 10 were used to make a plot of AGu against T, and T, was obtained as the temperature T a t which AGu = 0. The slope of such a plot at T,,, yielded AS,, which from Equation 4 is equal to -AH,/ T,. Thus, AH, could be determined. The value of AH, was also obtained from the slope of a van't Hoff plot (In KO,, versus l/T), which is equal to -AH,/R. The two values for AH, so obtained were essentially identical.
ACp was obtained by assuming that A H is independent of GdnHCl concentration (Privalov, 1979) . T, was varied by varying the concentration of GdnHCl in the range 0-1.3 M, and AH, was determined at each T, . A linear least-squares fit of a plot of AH,,, versus T, yielded the slope as AC,.
Thermal denaturation curves were therefore described, according to the two-state F e U model for unfolding, by Equation 7: 
pH titrations
The structural unfolding transition observed at high pH was fitted to Equation 8, which is a transformation of the HendersonHasselbach equation:
In Equation 8, the structural unfolding transition has been associated with the titration of a single ionizable group. Y corresponds to the spectroscopic property at any pH, Y, corresponds to the spectroscopic property for the denatured, deprotonated (above pH 12) form, and YF is the optical property of the folded, protonated (pH 7-10) form. pHmI corresponds to the midpoint of the p H transition and represents the apparent pK, that characterizes the high pH structural unfolding transition.
The C , versus pH titration for wt barstar was fitted to Equation 9:
In Equation 9, four forms of barstar are distinguished by different levels of protonation of three titratable groups that are important in determining stability. In the F -form (above pH lo), none of the three titratable groups important in pH-dependent stability changes are protonated; in the F form, which exists at pH 7-8, one of these groups is protonated; in the F + form occurring at pH 5 , one more group is also protonated; in the A form, which exists below pH 3, the third group is also protonated. C , , is the observed C , value at any pH, C , -is the C , value for F -form, CF is the C , value for the F form, CF+ is the C,, value for the F + form and C , is the C , value for the A form. pHrn2 is the midpoint of transition from the F -form to the F form, pH,,, is the midpoint of transition from F form to F + form, and pHrn4 is the midpoint of transition from the F + form to the A form. The three pH, values correspond to the apparent pK, values that characterize these stability transitions.
The C, , versus pH titration for BSCCAA, in which the F to F -form titration is not observed (Fig. 7B) , was fit to Equation 10:
The C,, versus pH plot for H17Q, in which the F + form is not observed at pH 5 (Fig. 7C) , has been fit to Equation 1 1 :
In Equation 11, pHrn4 is the apparent pK, that describes the transition from the F to the A state.
The number of protons that are released from or bind to a protein on a change in pH is given by Equation 12 (Ptitsyn & Birshtein, 1969) :
where T, is the midpoint of a thermally induced unfolding transition at a particular pH, AH, is the enthalpy determined by the van't Hoff method at T,, and dT,/dpH is the p H dependence of T, at that particular pH.
